Abstract-In this paper, for supporting the medium voltage dc (MVDC) shipboard power system, an energy storage management (ESM) system based on fuzzy logic (FL) has been proposed and its performance with a proportional-integral (PI) control based ESM system is compared. In order to support the peak demand and pulsed load, a hybrid energy storage system incorporating high energy density storage (battery) and high power density storage ( 
I. INTRODUCTION
T HE extensive electrification of ship power leads to the concept of All Electric Ship (AES) with power demand to reach hundreds of MW in the near future [1] . To overcome the technical challenges related to the generation, distribution and optimization of such large electrical power, it is required to redesign the power system architecture of the AES. A promising solution is to design an Integrated Power System (IPS) which is based on a MVDC power system [2] .
Warships have intermittent weaponry loads along with the propulsion load, ship service load and radar load. Due to the transient nature of the weaponry load, it demands impulsive power To meet the transient power demand of the MVDC power system, the ESM technology is an essential part of the MVDC ship board system [3] , [4] . The ESM system is capable of supporting sudden load demand and also helps to maintain the MVDC bus voltage within desired margin which is usually 10% around the nominal voltage [5] . Conventional warships use gas turbine as the prime mover for propulsion system. For AES, it will be coupled to the generator to produce electrical energy. In some cases, the generated electrical energy can exceed the total load demand of the MVDC system. The excess energy can then be stored in the energy storage and returned to the system when needed. The main goal of the ESM system is to supply the transient power demand and to support the generators when the total power demand of the load exceeds the total generation capacity. The ESM system needs to maintain power balance between the generation and demand. For this reason, the ESM system needs to control the charging and discharging of the energy storages. There are two modes of operation of the ESM system. The normal operation of the ESM system is to maintain the power balance between the load and generation. The transient mode of operation of the ESM system is to minimize power fluctuation from the generators. It is difficult for a single type of energy storage to perform efficiently both types of operations. For meeting the steady power demand, an energy storage with high energy density is required. For the purpose of supplying transient power demand, an energy storage with high power density is required. If the battery is used as the only energy storage, then it has to be oversized to take care of the transient power demand. If the supercapacitor is used as the only energy storage, then it is needed to increase the size of the supercapacitor. In this work, a hybrid energy storage system (HESS) consisting both high energy density (battery) and high power density (supercapacitor) storages is used. The use of HESS is a promising solution to meet the transient and steady power demand [6] .
Some power management strategies with hybrid energy storage systems (batteries and supercapacitors) are presented in [7] - [10] for hybrid electric vehicles. In [7] , FL control technique is used to control the operation of the battery and supercapacitor to support the fuel cell for electric vehicular applications. The operation of energy storage management system for more electric aircraft is discussed in [11] . The use of battery with the photovoltaic (PV) and wind power generation for a grid connected system is discussed in [12] . In [13] , fuzzy logic based control is used for managing hybrid energy storage module for naval pulsed power applications but the state of charge (SOC) of the HESS was not considered in designing the fuzzy logic controller. Fuzzy logic based control strategy is used in [14] for energy management of a hybrid ship but the operation of pulsed load is not considered. In [15] and [16] , supercapacitor's voltage and SOC are used as fuzzy logic control variables but they did not consider voltage and SOC of the battery. Bus power and voltage difference of the battery and supercapacitor are used for determining output reference power in [17] but SOC of the battery and supercapacitor are not considered. In [18] , fuzzy logic strategy is used for selection of energy storages for smart grid applications.
In [19] , fuzzy logic-controlled methodology is used for analyzing and evaluating cell performance by on line state-ofhealth (SOH) prediction for energy storage system applications. In this paper, an ESM strategy is proposed based on the fuzzy logic (FL) with the objectives of supporting the MVDC system. Based on the system voltage, change in current and state of charge (SOC) of the battery and supercapacitor, at any moment, the FL controller provides total storage reference power for the HESS. A low pass filter (LPF) is used to separate the total storage reference power between the battery and supercapacitor. The LPF helps to allocate the high frequency component to the high power density energy storage (supercapacitor) and low frequency component to the high energy density energy storage (battery). The battery and supercapacitor reference powers are sent to the controllers of the DAB converters to control the charging and discharging of the energy storages. In order to incorporate multiple batteries and supercapacitors in the ship board system, power sharing strategies are also proposed. Simulation results are shown for the FL and PI controller based ESM systems for different situations of SOC of the battery and supercapacitor. The comparison of performances of both control strategies are discussed in this paper. Limited CHIL based experimental results are added to validate the work at the end of the paper.
II. THE NOTIONAL MVDC SYSTEM
To demonstrate the effectiveness of the proposed controllers, a notional MVDC power system with IPS structure is chosen which was discussed in [5] . The MVDC system architecture given in Fig. 1 has one Main AC Turbine Generator (MTG), one Auxiliary AC Turbine Generator (ATG) as the source of power. The main generator (MTG) consists of twin-shaft gas turbine, round rotor synchronous machine, IEEE Type AC8B excitation system [20] . The auxiliary generator (ATG) has the same components except that a single-shaft gas turbine is used as prime mover [20] . Both MTG and ATG are modeled in SimPowerSystem with detailed transient model so that they are able to respond in any dynamic and transient situations. The modular multilevel converters (MMC) for AC-DC power conversion are used to connect the generators with the MVDC system. The MVDC bus voltage of the shipboard power system is controlled by the MMC converters. For simulation purpose, average model of MMC converter [21] is used. The total load of the MVDC system are classified into propulsion load, ship service load, radar load and pulsed load. Propulsion system model [22] , the ship service load and radar load model [20] , pulsed load model (a constant power load) are implemented along with the model of battery and supercapacitor [23] , [24] . The HESS is connected to the MVDC system via dual active bridge (DAB) bidirectional DC-DC converters. The model of DAB converter is discussed in [25] . The whole system is modeled and simulated in Matlab/SimPowerSystem environment. Fig. 2 shows the block diagram of the FL/PI controller based ESM system with the MVDC shipboard power system. In this section, the designs of two ESM systems are discussed. 
III. DESIGN OF ENERGY STORAGE MANAGEMENT SYSTEMS

A. Fuzzy Logic (FL) Controller Based ESM Strategy
In this control strategy, the fuzzy logic (FL) controller provides the total storage reference power (P stor−ref ) for the battery and supercapacitor for charging or discharging. A LPF separates P stor−ref into low frequency component and high frequency component. Fig. 3 shows the block diagram of the FL controller and LPF based ESM strategy where the FL controller determines the value of P stor−ref (charging or discharging). A generation limit checking controller is added to check whether the total demand including the charging and discharging reference power crosses the total generation limit. A fuzzy logic control strategy has three parts: fuzzification, inference, and defuzzification: a) Fuzzyfication: The membership functions of four input variables (ΔI, V Bus , SOC Bat , SOC S C ) of the FL controller are shown in Fig. 4 . The ΔI and V Bus decide the demanded reference power and the SOC of the battery (SOC Bat ) and supercapacitor (SOC S C ) adjust the demanded reference power for the HESS. Three membership functions (Negative, Zero, Positive) are chosen for the input variable, ΔI. The associated limits for ΔI are −1600 A as lower limit and 1600 A as upper limit. The limits are chosen based on the power, energy rating of the battery, supercapacitor, and the maximum power mismatch of generation and load demand of the MVDC system. For Negative and Positive membership functions, trapezoidal shape and for Zero member- 
It means the FL controller will provide no reference power for discharging although the V Bus is low and ΔI is negative as the SOC of the battery and supercapacitor are low. It shows that the FL controller saves the HESS from deep discharging. Another fuzzy rule can be expressed as follows: IF V Bus is G (Good), ΔI is P (Positive), SOC Bat is H (High) and SOC S C is H (High), THEN P stor−ref is Z (Zero). Here, the FL controller will provide no reference power for charging although the V Bus is good and ΔI is positive as the SOC of the battery and supercapacitor are high. It shows that the FL controller saves the HESS from overcharging/excessive charging. When the HESS is not required to be charged while the load is rejected, the generators will reduce their power supply automatically by controlling their gas turbine based governor systems and will supply only required load. But, if a situation happens that there is extra available energy on the shipboard power system due to transient operation and there is no need to charge the HESS (battery and supercapacitor), then the dissipation system will consume the extra available energy until the generators reduce their output. (1), where f cf is the LPF's cutoff frequency [6] . As the average models of the components are used, a 1 Hz cutoff frequency is used to separate the P stor−ref . (2) and (3). The three parts: fuzzification, inference, and defuzzification for this controller are explained below. 
B. PI Controller Based ESM Strategy
A PI based control strategy has also been designed for comparison purposes. In this control strategy, the PI controllers are used to find out the total storage reference power (P stor−ref ) for the battery and supercapacitor [26] , [27] and a similar LPF is used to separate the low frequency component and high frequency component of the reference signal (P stor−ref ) . Fig. 8 shows the block diagram of the PI controller and LPF based ESM system with the SOC based power sharing controller for the MVDC power system of AES. The design of the PI controller based ESM system has four steps.
1) Total Storage Reference Power (P stor−ref ) Estimation:
To generate the total storage reference power (P stor−ref ), the total generated power (P gen ) is measured and then the difference between the total power demand (P load ) and the total generated power (P gen ) is passed to a PI controller. 2) Overcharging and Deep Discharging Protection Controller: Since the PI controller based ESM system does not consider SOC while generating P stor−ref , to save the battery and supercapacitor from the damages due to deep discharging and overcharging, an algorithm for protection from deep discharging and overcharging is shown in Fig. 9 [10] . The algorithm is designed based on the SOC of the battery and supercapacitor. The SOC of the battery and supercapacitor will be regulated between 30% and 90%. Following are the conditions that will be satisfied while charging or discharging.
1) Charging the battery and supercapacitor if a) SOC is 30%-90% and P gen >P load b) SOC <30% and P gen >P load 2) Discharging the battery and supercapacitor if a) SOC is 30%-90% and P gen <P load b) SOC >90% and P gen <P load From Fig. 8 , the overcharging and deep discharging protection controller works as a buffer. If the SOC of HESS are higher than the upper limit (90%) and lower than the lower limit (30%), the overcharging and deep discharging protection controller blocks the output signal (P stor−ref ) of the PI controller based ESM system. For example, from Fig. 9 , if SOC of HESS are higher than 90% and P gen > P load , the output of the overcharging and deep discharging protection controller is no action required. It means no charging and discharging. No charging output because the SOC of HESS are higher than 90% and there is no need to charge the HESS. No discharging output (although the SOC of HESS are higher than 90%) because P gen > P load . It means the total power demand (P load ) is lower than the total generation (P gen ) limit and generators are capable to supply the load power demand and there is no need to supply power from HESS.
3) Reference Power Separation using Low Pass Filter (LPF):
The design of the LPF is exactly the same as described in the Section III-A.
4) SOC Based Power Sharing Strategy:
In this control strategy, the algorithm of power sharing among multiple batteries will be discussed [12] . Same strategy is also applicable for the supercapacitor. This controller is required when the number of battery and supercapacitor is more than one. If the total battery reference power (P Bat−ref ) is negative (discharging mode) then the initial reference power for discharging of the ith battery is given in (4). Where L is the total number of batteries.
If the total battery reference power (P Bat−ref ) is positive (charging mode), then the initial reference power for charging of the ith battery is allocated based on the SOD (state of discharge) given in (5).
The battery initial reference power (P (7) . Where A i is power modification factor and γ i is SOC modification factor. Here, f LT is a lookup table where the input is SOC Bat−i and output is A i . Fig. 10 shows the the value of A i with the variation of the SOC Bat−i . The variable, A i is used to accelerate the discharging and charging of the battery near the upper and lower limit of SOC, respectively. To ensure the expected status of the battery, the SOC Bat−i of the battery is modified as SOC ref for three modes in (11) . The modes are: 1) normal mode: if the SOC Bat−i is within the limit then SOC ref is set to SOC Bat−i , 2) lower limit mode: if the SOC Bat−i is less than SOC min , then SOC ref is set to SOC min (here SOC min is 30%), 3) upper limit 
IV. SIMULATION RESULTS
In this section, simulation results are shown to compare the performances of the FL and PI controller based ESM systems.
A. Simulation Setup
Parameters [5] , [20] used for the simulation are listed in Tables IV and V.
B. Case 1: Comparison of Performances of the FL and PI Controllers When the SOC of HESS Within the Limit
For this case, the SOC of the battery and supercapacitor are set at 75% and 82.65%.
At t = 0.3 s, 34 MW load is connected to the system which decreased the bus voltage momentarily and increased the total load current as shown in Fig. 11 . As the bus voltage goes down, the FL and PI controllers provide negative total storage reference power (P stor−ref ) (shown in Fig. 12(a) ). The low pass filter separates the P stor−ref into two parts: the battery ref- (Fig. 12(b) and (c) ). The P Bat−ref and P S C −ref are sent to the controllers of the DAB converters. Fig. 13 shows the actual power responses of the battery and supercapacitor for the FL and PI controller based ESM systems. Figs. 14 and 15 show the voltage, current and SOC of the battery and supercapacitor, respectively, for both FL and PI controller based ESM systems. Simulation results show that the ESM systems based on FL and PI controllers are capable of supporting the MVDC system in a transient situation.
At t = 0.6 s, another 6 MW load is connected to the MVDC system. The total load of the system is now 40 MW. With the addition of the load, Fig. 12 shows that the FL and PI controllers generate negative P stor−ref for discharging. The LPF separates the P stor−ref into two parts: P Bat−ref and P S C −ref . Fig. 13 shows the actual power responses of the battery and supercapacitor for the FL and PI controller based ESM systems. At t = 1 s, 4 MW pulsed load is connected to the MVDC system and it continues until t = 2 s. Now, the total load of the system is 44 MW which exceeds the total generation capacity of the MVDC system. These effects are shown in Fig. 11 , where it is shown that the bus voltage goes down slightly and the total load current increases. As the total power requirement (44 MW) is higher than the total generation capacity (40 MW), the FL and PI controller based ESM systems generate negative P stor−ref for discharging. Fig. 13 shows the actual power responses of the battery and supercapacitor of the FL and PI controller based ESM systems for supporting the pulsed load. Figs. 14 and 15 show the voltage, current and SOC of the battery and supercapacitor, respectively, for the FL and PI controller based ESM systems for the discharging period, t = 1 s to t = 2 s. These figures show that during t = 1 s to t = 2 s, the voltages of the battery and supercapacitor go down, output currents increase and the SOC decrease for discharging power to the MVDC system.
For the 4 MW power mismatch at t = 1 s, the PI controller provides nearly 4 MW negative P stor−ref for discharging (Fig. 12) . But the FL controller provides nearly 4.5 MW negative P stor−ref for discharging (Fig. 12) . The PI controller determines the P stor−ref depending on the condition of the total generated power (P gen ), total load power demand (P load ), measured bus voltage (V Bus ) and reference bus voltage (V D C −ref ) . On the other hand, the FL controller considers additionally the SOC of the battery and supercapacitor (SOC Bat , SOC S C ). In this case, the SOC of the battery and supercapacitor are nearly high (75%, 82.65%) which means that the battery and supercapacitor have good amount of energy stored to discharge. So, considering the SOC of the battery and supercapacitor with the total load and bus voltage, the FL controller provides nearly −4.5 MW as P stor−ref for discharging instead of providing −4 MW reference power for discharging. Now the total available power is 44.5 MW but total load is 44 MW. At this situation, generators will reduce their power supply by 0.5 MW automatically by controlling their gas turbine based governor systems. However, if desired, the FL controller can be adjusted in such a way that generation output can be left to its maximum value. From t = 2 s to t = 2.5 s, the total load remains at 40 MW. At t = 2.5 s, a 4 MW load is rejected from the MVDC system. This causes the bus voltage to increase and a decrease in total current as shown in Fig. 11 . Fig. 12 shows, the FL and PI controllers provide positive P stor−ref for charging, during that period. Fig. 13 shows the actual power consumed by the battery and supercapacitor from the MVDC system for the FL and PI controller based ESM systems. In this case, powers are negative because the battery and supercapacitor work in the charging mode, during t = 2.5 s to t = 3.5 s. Figs. 14 and 15 show that during the period of t = 2.5 s to t = 3.5 s, voltages of the battery and supercapacitor go up, the SOC increases and the currents go to negative because, the battery and supercapacitor work in the charging mode.
For the rejection of 4 MW load from the MVDC system at t = 2.5 s, the PI controller provides nearly 4 MW reference power for charging but the FL controller generates nearly 2 MW reference power. This is because the FL controller generates reference power by considering the SOC of the battery and supercapacitor (SOC Bat , SOC S C ) with the other two input variables, ΔI and V Bus . As the SOC of the battery and supercapacitor are high, they do not need to be charged quickly. On the other hand, the PI controller's reference power generation does not depend on the SOC of the battery and supercapacitor.
C. Case 2: Comparison of Performances of the FL and PI Controllers at Low SOC
In this case, the SOC of the battery is set at 20% as the initial SOC and the supercapacitor's initial voltage is kept 170 V with SOC of 25.2%.
At t = 0.3 s and t = 0.6 s, 34 MW and 6 MW load are connected to the MVDC system, respectively. Again at t = 1 s, 4 MW pulsed load is added to the MVDC system and it is continued until t = 2 s. With the addition of pulsed load, the total load (44 MW) goes higher than the total generation capacity (40 MW). Both the FL controller and PI controller are expected to provide the negative P stor−ref for discharging. As the overcharging and deep discharging protection controller is connected to the PI controller based ESM system, Fig. 16 shows that the P stor−ref for discharging is zero. Because of low SOC (20% and 25.2%) of the battery and supercapacitor, the charge controller blocks the PI controller's negative P stor−ref signal. For the FL controller, the reference power generation depends also on the SOC of the battery and supercapacitor (SOC Bat , SOC S C ) with the other two input variables, ΔI and V Bus . Fig. 16 shows that due to low SOC (20% and 25.2%), the FL controller also provides zero reference power. Simulation results after t = 2 s for the FL and PI controller based ESM systems are the same as shown earlier in Section IV-B, where at t = 2.5 s, the battery and supercapacitor start charging and continue until t = 3.5 s.
In this case, for the rejection of 4 MW load from the MVDC system at t = 2.5 s, the PI controller provides nearly 4 MW reference power for charging (Fig. 16 ). For the same condition, the FL controller generates 5 MW reference power for charging but the available power limit is applied which changed to 4 MW. As the SOC of the battery and supercapacitor are very low (20%, 25.2%), they need to be charged quickly. Considering these issues, the FL controller generates 5 MW reference power for charging instead of 4 MW reference power generation. But due to generator power limit, the generation limit checking controller adjusted the P stor−ref to 4 MW.
D. Case 3: Comparison of Performances of the FL and PI Controllers at High SOC
In this case, the SOC of the battery is set at 94% as the initial SOC and the supercapacitor's initial voltage is kept 535 V with SOC of 97.02%.
From Fig. 17 , the simulation results up to t = 2 s for the FL and PI controller based ESM systems are the same as shown earlier in Section IV-B, where as at t = 0.3 s, t = 0.6 s and t = 1 s to t = 2 s, the battery and supercapacitor supply power to the MVDC system. At t = 2.5 s, 4 MW load is rejected and both the FL and PI controllers are expected to provide the positive P stor−ref for charging. As the overcharging and deep discharging protection controller is connected to the PI controller based ESM system, Fig. 17 shows that the P stor−ref for charging is zero. Because of high SOC (nearly 94% and 97.02%) of the battery and supercapacitor, the charge controller blocks the PI controller. For the FL controller, the reference power generation depends also on the SOC of the battery and supercapacitor. Due to the high SOC (nearly 94% and 97.02%) of the battery and supercapacitor, Fig. 17 shows that the FL controller also provides zero reference power. In this case, for the 4 MW power mismatch at t = 1 s, the PI controller provides nearly 4 MW negative P stor−ref for discharging (Fig. 17) . But the FL controller provides nearly 5 MW negative P stor−ref for discharging (Fig. 17) . In this case, the SOC of the battery and supercapacitor are very high (94%, 97.02%) which means that the battery and supercapacitor have good amount of energy to discharge. So, considering the SOC of the battery and supercapacitor with the other two input variables, ΔI and V Bus , the FL controller provides nearly −5 MW as P stor−ref for discharging instead of providing −4 MW for discharging. At this situation, generators will reduce their power supply by 1 MW automatically by controlling their gas turbine based governor systems. But the PI controller provides nearly −4 MW reference power for charging as it does not consider SOC Bat and SOC S C for the generation of P stor−ref .
E. Case 4: Power Sharing by FL and SOC Based Strategies
To show the power sharing between two batteries and two supercapacitors, the SOC of the batteries are set randomly as 86% and 54% as the initial SOC and the supercapacitor's initial voltage are kept 430 V and 495 V with SOC of 75.55% and 88.75%, respectively. The system is subjected to the same test situations as described in the previous cases.
1) FL Based Power Sharing:
At t = 0.3 s, t = 0.6 s and t = 1 s to t = 2 s, the FL controller provides the negative P stor−ref for discharging (Fig. 18) . The LPF separates the P stor−ref into (Fig. 19) . As the SOC of the battery-1 is higher than the SOC of the battery-2, the FL based power sharing controller allocates the big part of P Bat−ref as P Bat−1−ref and small part as P Bat−2−ref for discharging (Fig. 19) . For supercapacitors, the SOC of the supercapacitor-1 is lower than the SOC of the supercapacitor-2. The FL based power sharing controller allocates the small part of P S C −ref as P S C −1−ref and big part as P S C −2−ref for discharging (Fig. 19) . At t = 2.5 s, 4 MW load is rejected and the FL controller provides positive P stor−ref for charging of the batteries and supercapacitors (Fig. 18) . From (Fig. 19) . For supercapacitors, (Fig. 19) for charging of the supercapacitors.
2) SOC Based Power Sharing: At t = 0.3 s, t = 0.6 s and t = 1 s to t = 2 s, the PI controller provides the negative P stor−ref for discharging (Fig. 20) . From (Fig. 21) . As the SOC of the battery-1 is higher than the SOC of the battery-2, the SOC based power sharing controller allocates the big part of P Bat−ref as P Bat−1−ref and small part as P Bat−2−ref for discharging (Fig. 21) . For supercapacitors, the SOC of the supercapacitor-1 is lower than the SOC of the supercapacitor-2. The SOC based power sharing controller allocates the small part of P S C −ref as (Fig. 21) . 
V. FL VS PI CONTROLLER BASED ESM SYSTEMS
In general, FL based control performs better than PI control for energy management, partly because of the embedded intelligence in producing power reference based on the state of charge of energy storage system. A comparison of FL and PI controller based ESM systems is summarized in Table VI .
VI. CHIL BASED EXPERIMENTAL RESULTS
A. Experimental Setup
A controller hardware-in-the-loop experiment is performed where all the loads and sources are modeled in real time simulator (Opal-RT) and the FL controller based ESM system is implemented on a field-programmable gate array (FPGA) board (xilinx Virtex-7). The used FPGA is Virtex-7 FPGA VC707 which operates at 100 MHz. Fig. 22 shows the experimental setup. All the loads and sources are modeled in four different subsystems and run on 4 cores of the simulator CPU. Optical fiber connection through PCIe cables are used to transfer signals from FPGA board to the modeled electrical subsystems. 
B. CHIL Results
To show the experimental results of the FL controller based ESM systems, case 1 of Section IV-B is implemented. The SOC of the battery and supercapacitor are set at 75% and 82.65%. The simulation steps are exactly the same as described in Section IV-B. Fig. 23 shows that at t = 1 s, the FL controller based ESM system provides nearly −4.5 MW as P stor−ref for discharging. At t = 2.5 s, 4 MW load is rejected and the FL controller based ESM system provides nearly 2 MW as P stor−ref for charging. The results are same as it is found in the case of offline simulation.
VII. CONCLUSION
In this paper, two ESM systems are designed based on the FL and PI controller for the energy management of the HESS. This HESS includes battery as a high energy density storage, and supercapacitor as a high power density storage to the MVDC system. Simulation results show that both FL and PI controller based ESM systems are capable of supporting the MVDC system during the transient power demand as well as steady power demand. The comparisons of the performances of the FL and PI controller based ESM systems are shown. The FL controller based ESM system is advantageous than the PI controller based ESM system as it does not need extra deep discharging and overcharging protection controller, which is beneficial for the MVDC system. The FL controller based ESM system can change the charging and discharging rate based on the SOC of the energy storages which is not available from a PI controller based ESM system. Finally, CHIL experimental results validate the effectiveness of the proposed FL based ESM system.
